W
ashington State has been the leading producer of apples in the United States for more than 60 years. From 1982 to 1991, Washington produced an average 40.7% of the nation's total apple crop (Washington Agricultural Statistics Service, 1982-83 to 199 1-92) . Increased apple production in the late 1980s resulted in Washington production exceeding that of any other country, exclusive of the United States, in 2 of the 5 years between (USDA, 1935 .
Apples are a major component of Washington's agricultural economy. Between the 1987-88 and 199 1-92 marketing seasons, the state's =160,000 acres of apple orchards have contributed=16% of the state's $4 billion total annual farm-gate returns. In 8 of the past 10 years, the apple industry has ranked among the state's top three agricultural commodities in from-gate returns, leading all other commodities in 1986 , 1990 (Washington Agricultural Statistics Service, 1982 -83 to 1991 . Fig. 1. Washinton State, by county and Agricultural Statistics District (Washington Agricultural Statistics Service, 1991-92) .
Since 1986, the state's ≈ 5200 apple orchards (U.S. Dept. of Commerce, 1987) have experienced an immense surge in production. In 1991, apples were the first Washington commodity ever to approach $1 billion in farm-gate value, comprising 22% of the total value for all agricultural commodities in that year (Washington Agricultural Statistics Service, . The success of the Washington apple industry is due, in large part, to the production of a large percentage of highquality fruit to be used fresh and the controlled-atmosphere storage of the majority of the crop for strategic marketing. New production technologies have given Washington growers opportunities for greater efficiency. More change is in progress in the Washington apple industry as it strives to remain competitive and economically successful in both national and international markets.
Plantings
In 1837, Marcus Whitman, missionary and pioneer, planted the first apple orchard in the eastern portion of the Washington Territory, in what is today Walla Walla County (Locati, 1978) (Fig. 1) . Following the Whitman massacre in 1847, it was not until the late 1850s that settlers reentered the Walla Walla area with renewed interest in apple production. The first apple nurseries east of the Cascades and north of California were established in the early 1860s near Walla Walla. Orchards began to appear all over the Pacific Northwest in that period (Locati, 1978) .
According to the first Census of Agriculture for Washington, taken in 1890, there were just 315,000 apple trees of bearing age in the newly formed state (Table 1) . Not surprisingly, orchard locations followed population demographics. Most of the orchards were situated west of the Cascades and in the growing eastern population center of Walla Walla County (Washington Crop and Livestock Reporting Service, 1952) .
Apple plantings underwent rapid expansion between 1890 and 1900, with a 9-fold increase in bearing trees during the decade (Table 1) . Spokane and Whitman counties had the largest number of trees because these population centers had railroad access (Fig.  1) . By 1910, Chelan County, in the Central district, became the leading production area as irrigation and the area's climate were conducive to producing excellent-quality fruit. Yakima, Spokane, and whitman counties also produced a high proportion of the 1910 crop. By 1920, annual production in the state grew rapidly to more than a billion pounds as a result of the plantings during this early period.
A peak in the number of bearing trees occurred around 1920 as new irrigation projects were established in the Central district (Table 1 , Fig. 1 ). While Chelan, Yakima, and Spokane counties led the state in production, the Southeast and West districts still produced a significant amount.
It was the depression of the 1930s that caused the planting rate in the industry to decline (Table 1) . Production, however, was still high, as trees planted in the early 1920s reached maturity. Following the stable decade of the 1950s, plantings in Yakima, Chelan, Okanogan, and Douglas counties expanded as these counties became the state's production centers. Beginning in the 1970s, with incentives of high prices for apples and the availability of land and water, there were increased plantings in the East-central district counties of Franklin and Grant.
Today, apple production centers in Yakima, Okanogan, Grant, Chelan, and Douglas counties (Table 1, Fig. 1 ). The climate of these production areas is characterized by cold winters and hot, dry summers with high levels of light intensity. Thus, frost protection and water management for irrigation and evaporative cooling are prevalent cultural practices.
Production
From the 1930s through the 1960s, production volume remained stable, averaging about 1.5 billion lb annually (Fig. 2) . With good prices and a growing export market in the 1970s, the apple industry doubled production within 10 years, with a record 3.0 billion lb produced in 1980. Despite the resulting drop in real prices, many new acres of 'Delicious', 'Golden Delicious', and 'Granny Smith' were established between 1978 and 1982 . This resulted in tremendous growth, as annual production levels reached 4 to 5 billion lb by the late 1980s and early Crop and Livestock Reporting Service, 1952; U.S. Dept. of Commerce, 1959 Includes counties with high current levels of apple production-Benton, Chelan, Okanogan, and Yakima. 1990s. Even lower prices resulted from these increased supplies, especially in crop years 1987 and 1989 (Fig. 2) .
Exports
Despite the huge production of apples in Washington since 1987, average prices in crop years 1990 and 1991 actually rebounded to relatively high levels (Fig. 2 ). This is due largely to record export levels. U.S. apple exports in the 1991-92 marketing year totalled 514,000 t, which is a 43% increase from the 1990-9 1 season (USDA Foreign Agricultural Service, 1992 ). A short apple crop in Europe, new markets in Europe and Mexico, reduced trade barriers, and market development efforts of the USDA Market Promotion Program were the principal causes for this surge in exports (Warner, 1992) .
Apple exports from Washington have been correspondingly high (Fig. 3) . Nearly 27% of Washington's apple crop was shipped for export in the 1991-92 marketing season (Good Fruit Grower, 1992 'Winesap' remained popular well into the 1950s, although, by the mid-1960s and 1970s, production of 'Winesap' declined in significance due to the direct competition by late-season 'Delicious', which was bolstered by improved controlled-atmosphere storage technology (Fig. 4) . By the 1970s, 'Delicious' was well-established as the predominant apple variety, with 'Golden Delicious' Washington State, for all varieties, 1960 -1 992 ( Washington Agricultural Statistics Service, 1986 Washington Agricultural Statistics Service, 1984 -85 to 1991 Washington Agricultural Statistics Service, 1993 
Fig. 2. Total utilized apple production and average price per 42-lb bushel in
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apple trees in the state were of 'Delicious' strains. 'Golden Delicious' accounted for 12%, followed by 'Granny Smith' at 10% (Washington Agricultural Statistics Service, 1986).
According to-a 1992 survey of tree fruit nurseries in Washington, a significant shift away from 'Delicious' towards new varieties is occurring. Estimates for sales in 1993 and 1994, however, indicate that 'Delicious' is still popular among apple growers (Table 2, 'Delicious'. By 1992, this proportion had decreased to 10%. However, it is estimated that 'Delicious' sales will rebound to around 21% in 1993 and 1994. Even though 'Golden Delicious' tree sales increased modestly in 1992, they have declined on a percentage basis, from a high of 8% in 1987 to ≈ 5% in 1991 and 1992. The proportion of 'Golden Delicious' sales are expected to recover to about 8% in 1993 and 1994, effectively doubling the number of trees sold from 1992 levels. Sales of 'Granny Smith', very popular throughout the 1980s, have declined sharply from 1987 levels as increased supplies eliminated former price premiums. New plantings of 'Jonagold' surpassed those of 'Granny Smith' beginning in 1991 ( Table 2) .
The most dramatic trend, however, is the increased planting of 'Gala', 'Fuji', and 'Braeburn' apples (Fig. 5) . Sales of 'Gala' trees, the earliest-maturing of these varieties, exceeded sales of 'Delicious' trees for the first time in 1990 (Table 2) . Bredin NewZealand, 'Gala' is very sweet and aromatic. Redder strains (e.g., 'Royal Gala') are gaining in popularity. 'Fuji' has grown from 0.3% of trees sold for planting in 1986 to 31% of sales in 1992. Estimates for 1993 and 1994, however, show this prominence waning somewhat, to 17% and 14%, respectively. The 'Fuji' apple, bred in Japan nearly 50 years ago, is known as a very flavorful, crisp, and sweet apple with long storage capability. Most new plantings consist of the 'Red Fuji' strain (B.C. Type 2). 'Braeburn', a variety discovered in New Zealand, has many of the same positive features as 'Fuji', with a mild sweet-tart flavor z Washington Crop and Livestock Reporting Service, 1952. Buckner, 1990. v Buckner, 1992. u and firm, crisp, yet very juicy, flesh (Warner, 1989) . Its popularity among growers in Washington has risen rapidly from 0.6% of the trees sold in 1989 to 15% of sales in 1992 and 9% of sales projected in 1994.
Orchard design
Along with changes in varieties, Washington growers are currently re-evaluating fundamental concepts of orchard design. The definition of "high density" is changing as more growers are adopting supported or trellis-based orchard designs. Trees are being planted on more dwarfing rootstock, and training methods are being adapted accordingly.
Changes in orchard design, however, are not new to Washington apple growers. During the first half of the century, all apple trees were planted on seedling rootstock. The non-spur type strains of 'Winesap' and 'Delicious' that were established grew into very large trees that required spacings of 30 × 25 to 30 ft, resulting in 50 to 70 trees/acre. Trees typically were trained as open-center, multi-leader, vase-shaped trees. The interval from planting to the first significant crop was typically 6 to 10 years. Mature production on these trees was not reached until about 15 to 20 years. Vegetative growth was strongly vertical and, as these trees matured, the very high canopies spread, giving them an umbrella shape. Lower and interior parts of the canopy, where inadequate light penetrated, were relatively unproductive and produced poor-quality fruit. Tall ladders were required for picking, thinning, and pruning, resulting in low labor efficiency. These orchards usually had a life expectancy >30 years (Barritt, 1992) .
In the early 1960s, more-vigorous and higher-quality strains of 'Delicious' and 'Golden Delicious' were planted. These new orchards, while still trained as open-center, were planted at higher densities of ≈110 trees/acre, usually at spacings of 20 × 20 ft.
While these varieties still were planted on seedling rootstock, they came into production earlier and reached maturity in about 12 years. Growers found that, at these closer spacings, trees tended to grow beyond their allotted space, with the overcrowding resulting in lighter crop loads and poorer fruit quality. Removal of alternate trees was often necessary, but the remaining trees still developed into an umbrella shape, blocking sunlight and limiting fluit quality (Barrett, 1992) .
By the mid-1960s, growers were ready for a change. The new "high-density" orchards of the late 1960s and early 1970s typically had spacings of 10 × 20 fi, doubling the tree density to 218 trees/acre. This was made possible by the use of central-leader training of spur-type strains of 'Delicious' and 'Golden Delicious' (Barritt, 1992) . Instead of maintaining an open-center, umbrella-shaped tree, horizontal growth was encouraged from a single central leader. The trees were trained into a pyramid-or Christmas-tree shape. These kinds of trees were more fluitfld, and vegetative growth was easier to control, because horizontal wood promoted earlier fluiting (Heinicke, 1967) . Central-leader orchards were more precocious, with commercial harvests beginning in 5 to 6 years. Light penetration was improved, so a greater percentage of the canopy was productive. Labor also could be used more efficiently.
Central-leader training evolved further in the late 1970s, coinciding with the rapid 1952 -1994 (Buckner, 1990 ; U.S. Dept. of Commerce, 1974 -1983 Washington Agricultural Statistics Service, 1986 , 1994 (Barritt, 1992) .
According to tree and acreage surveys from the U.S. Census of Agriculture, average tree density throughout Washington rose by ≈ 46% from 1974 to 1987 (Fig. 6) . The average trees per acre estimated by this survey represent the total number of bearing and nonbearing trees at the time of the census, regardless of tree age (U.S. Dept. of Commerce, 1974 . The 1986 Washington State Dept. of Agriculture Fruit Survey provided better information on planting density, revealing that there was a direct correlation between the age of trees and average tree density (Fig. 6) . The average number of trees/ acre for each year derived from this survey, however, only represents trees that were still existing as of 1 Jan. 1986. Especially in the earlier years, they do not necessarily represent the total number of trees planted in the given year, because some trees have since been removed. Even though industry leaders were planting at densities of 200 trees/acre by the late 1960s (Heinicke, 1967) , the survey indicates that average plantings at this density did not occur until the mid-to late 1970s (Fig. 6 ). This increase in planting density indicates how readily the Washington apple industry responded to the availability of semi-dwarfing rootstock and central-leader training.
The recently completed 1993 fruit sur-12 vey (Washington Agricultural Statistics Service, 1994 ) indicates an even more accelerated pace towards higher average planting densities (Fig. 6) Buckner's (1990 Buckner's ( , 1992 tree fruit nursery surveys, derived from rootstock sales, confirms the trend toward higher planting densities (Fig. 6 ). Buckner found that the percentage of trees sold on rootstock suitable for planting at densities below 200 trees/ acre (i.e., seedlings MM.111, and M.2) declined steadily from 42% in 1986 to 17% for sale in 1994. Rootstock appropriate for medium-density orchards planted at 200 to 500 trees/acre (i.e., MM.106, M.7, and M.4) maintained stable sales at about 40% from 1986 through 1990, although sales declined to 27% in 1992 and are expected to rise again to 35% in 1994. Sales of trees on rootstock suitable for high-density plantings > 500 trees/ acre (i.e., M.26, M.9, and Mark), however, rose from 20% of total nursery sales in 1986-to 55% in 1992 and an expected 47% in 1994. While the relationship between rootstock sales and tree densities is presumed, these percentages clearly reveal a decline in lowand medium-density plantings in favor of higher densities.
The high-density apple orchards that are now being established in Washington require the use of dwarfing rootstock and external support. In the evolution of orchard systems in Washington, several support/training designs have been imported from Europe, Australia, and New Zealand. These designs are based broadly on either central-leader or planar training methods. High-density, central-leader training methods, such as the Dutch slender spindle ( Wertheim, 1968 ) and the French vertical axis (Lespinasse, 1980) have been adopted in Washington (Barritt, 1992) . The slender spindle is a conical-shaped tree supported by individual posts. It generally is planted on an M.9 rootstock, although, in lower-fertility soils, it commonly is planted on an M.26 rootstock. To reduce vigor, stronger shoots are bent horizontally or removed in favor of weaker growth. Each year, the dominant central leader is removed and a weaker shoot is tied up to replace it. Slender spindle trees are typically 7 to 8 ft tall and currently are planted at densities of 800 to 1600 trees/acre (Williams and Barritt, 1991) .
The vertical axis desire uses a multiwire trellis to support a single row of trees on M.9. M.26, or 'M.7 rootstocks (Barritt, 1992) Light-weight poles are connected to the trellis-wires to support the central leader. The central leader is allowed to grow without pruning to achieve a natural balance between vegetative growth and fruiting. At maturity, the tree rows approach the form of a vertical hedge 10 to 14 ft tall. Tree densities of 500 to 800 trees/acre are typical. The vertical axis seems to be losing popularity in Washington as tip-bearing varieties such as 'Granny Smith' and spur-type strains of 'Delicious' are more difficult to manage (Barritt, 1992) .
In 1990, the hybrid tree cone (HYTEC) training method was introduced to adapt high-density, central-leader concepts to the specific climatic conditions of central Washington (Barritt, 1990) . The HYTEC combines elements of the slender spindle and vertical axis. HYTEC trees are 9 to 10 ft tall, but with a canopy volume and fruiting surface similar to the vertical axis. Because of problems with excess vigor in the tops of verticalaxis trees grown in Washington, the central leader of the HYTEC is pruned, bent, or removed to a weaker lateral branch. thereby incorporating slender spindle training methods. Trees trained to the HYTEC are planted on M.9 or M.26 rootstock in lower-fertility soils or with low-vigor varieties. HYTEC orchards are planted in single rows at 550 to 900 trees/acre, depending on the rootstock used. Each tree is supported by a single post, although light-weight bamboo or steel poles are used if a single top wire is used for support (Barritt, 1992) . This hybrid design provides a canopy volume capable of high yields while providing adequate shading of the developing fruit to prevent sunburn in the high light intensities of central Washington.
Orchard designs based on training tree canopies to relatively thin planar shapes are more recent innovations and less common than central-leader designs in Washington.
While modified versions of the horizontally oriented Lincoln canopy design from New Zealand (Dunn and Stolp, 1987) have been planted on a limited basis (Stover, 1991 ) , the V-trellis is the most common type of planar orchard design in Washington. Several Washington growers have described the merits of the V-trellis (Stover, 1989; Warner, 1991) . The V-trellis is a hybrid of the single-row Tatura trellis (Chalmers and van den Ende, 1975 ) and the double-row Murrumbidgee Irrigation Areas (M.I.A.) (Hutton et al., 1987) designs from Australia. The V-trellis uses a double-row planting with adjacent trees trained to the opposite planes of the "V." By planting on M.9 or M.26 rootstock at spacings of 2 ft between double tree rows, 4 ft between trees in each row, and 15 ft between the centers of double rows, a tree density of ≈1400 trees/acre is achieved (Marshall et-al., 1993 ) . The central leader and lateral branches are tied to the five wires that comprise the trellis support on each of the 60° to 70°p lanes of the V, resulting in a canopy height of 14 to 15 ft at maturity.
All of the high-density orchard designs now being planted in Washington offer the notable advantages of early, high yields; easier access for harvesting; and improved spray application efficiency compared to free-standing trees on non-precocious rootstock. Early, high yields with these high-density orchards also are very dependent on orchardists planting branched, high-quality nursery trees. The primary advantages of the V-trellis are higher, early yields and better protection of mature fruit from sunburn. The V-trellis has been used principally for 'Granny Smith' apples, but there are some new plantings of 'Fuji' using this design. Also, several growers have taken advantage of the V-trellis to quickly convert 'Granny Smith' orchards to 'Fuji' by topgrafting.
A major criticism of the V-trellis has been its higher establishment costs. In recent economic comparisons for establishing 'Fuji' apples on HYTEC or V-trellis in Washington, the first-year variable costs were more than $4300 per acre higher for the V-trellis, or 37% greater than the HYTEC, when the cost of trees and chemicals was equated (Hinman et al., 1991; Marshall et al., 1993) . The V-trellis was planted at nearly twice the density of the HYTEC. Therefore, the cost of the nursery trees accounted for a majority of the additional establishment costs. Because of the higher density, the yields produced on the V-trellis were assumed to be greater than those produced on the HYTEC in the early years of the orchard. The assumptions used in these economic analyses were based on selected growers who were experienced with these designs. While the establishment costs are very important to the profit potential of an orchard investment, there is more sensitivity to prices and the achievement of early and high yields (Geldart, 1988) .
It has been observed that the V-trellis has the potential for excess shading and reduced fruit quality at the bottom of the canopy (Stebbins, 1985) . Yet, with judicious canopy management, this potential problem can be used to advantage in the high light intensities of central Washington, where providing adequate shading of the fruit to avoid sunburn is necessary. Although the management of V-trellis orchards may be unfamiliar to most Washington growers compared to central-leader designs, growers who are experienced with it claim that teaching workers how to prune, train, thin, and harvest is relatively easy (Marshall et al., 1993) .
Current issues
One of the major problems facing Washington apple growers today is the long delay required for conventional orchards to come into bearing and reach full production. While over the long term the large investment involved in establishing an orchard can return satisfactory profits, the finance and/or opportunity costs during the early years can be very high. A medium-density, flee-standing central-leader orchard typically will produce its first commercial harvest in 5 years and, with consistent yields and stable prices, will recover the investment costs in 10 to 15 years. If prices are low, however, the return on investment will be delayed. High-density plantings are viewed as a means of increasing the profitability of the orchard investment. These orchards can begin commercial production in 2 to 3 years and, with high-value varieties, can recover investment costs in 5 to 6 years. This is especially critical because of the unpredictability of prices with changes in variety popularity.
Global competition from other appleproducing countries has spurred consumer interest in new apple varieties. 'Gala', 'Braeburn', and 'Fuji' are currently commanding high prices on the U.S. and world markets. Washington growers have responded by planting more of these varieties. Many other varieties are being tested by the Pacific Northwest Fruit Tester's Assn. An advantage of the high-density orchard systems is their ability to take advantage of the high prices from varieties that are new on the market because of their earlier, high yields.
The Washington apple industry is becoming more sensitive to public relations issues, many of which are being imposed by development and urbanization pressures. Environmental impacts relating to pesticides, chemicals, and irrigation have become increasingly important to apple growers. Due to changing regulations pertaining to chemical registration and use, some chemicals important to the apple industry are now unavailable. In response to this issue, many apple growers are encouraged by their early experiences with high-density orchard systems, which have the potential for improved chemical application efficiencies. The Washington apple industry has made a commitment to funding research to improve biological control methods, integrated pest management, and novel technologies. The availability and cost of water is also a major concern in the irrigated areas of arid central Washington. Competition for water between agriculture, hydropower, wildlife, and recreational interests is becoming more acute. Scientific irrigation scheduling and improved application methods are being used to optimize water use and reduce nutrient leaching.
Labor relations and worker safety also are becoming major public issues. Growers are seeking ways to use labor more efficiently by improving the skills of the labor force while providing a safer work environment. Recent changes in immigration and naturalization laws, however, may result in decreases in the traditional sources of skilled labor. High-density orchard systems that permit more pruning and harvesting to be accomplished from the ground can provide solutions to some of these needs.
T
Conclusion
The Washington apple industry is large and diverse. Its successes rely in large part on its ability to compete in the global apple market. This has been accomplished in the past by striving for high-quality standards and by developing an efficient storage sector. The apple industry is faced with a variety of challenges if it is to continue to thrive, including environmental concerns, the possible loss of chemicals, problems with the availabity of farm labor, and competition from urbanization and the growth of other industries. The apple industry is responding to these challenges by adapting ideas from other parts of the world and by developing technologies that are appropriate for the unique growing conditions of Washington. These challenges will make the next decade one of the most dynamic periods of change in the industry's 150-year history. Barritt, B.H. 1990 . HYTEC-The hybrid tree cone orchard system. Proc. 86th Annual Washington State Hort. Assn., Wenatchee. p. 64-79.
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